We report a quantitative measurement of the pressure effect on melting point elevation of encapsulated nanoparticles without epitaxial interfaces. By means of in situ x-ray diffraction, a substantial melting point elevation of about 15 K in encapsulated Al nanoparticles in Al 2 O 3 shells without epitaxial interfaces was observed. Meanwhile, a pressure buildup of about 0.25 GPa on the Al nanoparticles was determined due to constraint of the rigid Al 2 O 3 shell. The correlation between the measured pressure and melting point elevation in the present system verified that the observed melting point elevation is a pressure-induced phenomenon and the pressure effect on melting point for encapsulated nanoparticles follows the rule for bulk solids.
I. INTRODUCTION
Following the pioneering study on superheating of Ag particles by Daeges et al., 1 superheated metal particles (of which the sizes are usually in the nanometer scale), embedded within matrices of high melting points, have been observed in a number of systems, and the superheating phenomenon has been studied extensively. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Previous investigations indicated that there are basically two major effects responsible for the observed superheating. Firstly, formation of low-energy epitaxial (coherent or semicoherent) interfaces is effective in suppression of melt nucleation at the particle/matrix interfaces, hence elevate the melting point. The second one is the pressure effect. Due to the difference in thermal expansion coefficients (TECs) between the particles and the matrix and the volume change upon melting, a compression pressure is usually generated onto the embedded particles prior to melting. The pressure buildup was considered to be effective in elevating the melting point of the encapsulated nanoparticles, [3] [4] [5] [6] analogous to that for the bulk solids which is well known from the classical thermodynamics. (The term "superheating" has been used to mean melting above the equilibrium melting point in previous studies; in this paper we use "melting point elevation" for clarification if the melting thermodynamics is changed.)
Meanwhile the effect of epitaxial interfaces on superheating of encapsulated nanoparticles has been experimentally demonstrated in many systems; [5] [6] [7] the pressure effect on the melting point variation for nano-sized particles, to the authors' knowledge, has not yet been testified by quantitative experimental measurements in the literature. In most previous studies, superheating was usually observed in metal particle/metal matrix systems with epitaxial particle/matrix interfaces, which means both metals should have the same lattice structure and very similar lattice constants to ensure a small lattice mismatch at the interface. If incoherent interfaces are formed, the embedded metal nanoparticles will not be superheated and pre-melting occurs, as demonstrated experimentally by Sheng et al. 7 In these systems, the pressure effect was considered to be minor relative to the epitaxial interface effect due to the small difference in TECs and relaxation of the pressure by the metallic matrix. [3] [4] [5] [6] Isolating the pressure effect on the melting point from other effects is difficult in these samples.
For metal nanoparticles embedded in a rigid ceramic or carbon matrix without an epitaxial particle/matrix interface, a substantial superheating has also been observed experimentally. For example, a superheating of up to 270 K was observed in encapsulated metal particles (Pb, Sn) in fullerenelike shells.
14 A pressure induced melting point elevation was also observed in tin particles embedded in amorphous carbon films. 15 Although the observed superheating was attributed to the high pressure buildup in these studies, no quantitative measurement was performed to verify the pressure effect.
At this point, another important question is still remaining that whether the same pressure effect as in the bulk solids can be applied to the nanoparticle systems where surfaces and/or interfaces play a crucial role. To answer those questions, quantitative determination of pressure buildup in nanoparticles as well as its correlation to the melting point variation is necessary.
Determination of the pressure effect on melting point elevation in nanoparticle systems is practically difficult. To isolate the pressure effect from other influencing factors of the melting point variation for nanoparticles, one has to find a suitable system with the following conditions: (1) A rigid matrix or shell to sustain the pressure buildup without relaxation; 16 (2) a large TEC difference to ensure a large pressure build-up in the encapsulated nanoparticles that facilitates the pressure measurement; (3) formation of incoherent particle/matrix interfaces to exclude the possible interface effect on suppression of melt nucleation.
The objective of this work is to quantitatively determine the pressure effect on melting point elevation in nanoparticles, with a metal/ceramic system, Al nanoparticles encapsulated in rigid Al 2 O 3 shells.
II. EXPERIMENTAL PROCEDURES
Al nanoparticles were prepared by means of active H 2 plasma evaporation and condensation. The nanoparticles were in situ passivated at room temperature before exposing to air (original sample). Oxidation of the passivated original Al nanoparticles was performed at 773 K for 3 h in air followed by a further oxidation at 873 K for 3 h.
Transmission electron microscopy (TEM) and highresolution electron microscopy (HRTEM) observations were performed on a Philips EM 420 microscope with an accelerating voltage of 100 kV and a JEM 2010 high-resolution microscope with an accelerating voltage of 200 kV, respectively.
In situ x-ray diffraction (XRD) experiments were conducted on an x-ray diffractometer (Brueker D8 Discover) with a high-temperature attachment for investigating the melting process and the thermal expansion behavior of the oxidized sample. For comparison, a bulk Al sample with coarse grains (grain size Ͼ100 m) and the original Al powder sample were also tested. The Cu K ␣ wavelengths were selected using a goeble mirror. The divergence, scattering and receiving slits were chosen with the width of 1, 1, and 0.1 mm, respectively. A platinum thermocouple was used to monitor the sample temperature, of which the accuracy is ±1 K. A step size of 0.02°and counting time of 3 -5 s were used, depending on the diffraction intensity of the samples. All experiments at high temperatures were carried out under vacuum conditions ͑2 ϫ 10 −3 Pa͒. The sample was heated to each temperature at a heating rate of 18 K / min and held for 5 min before collecting the x-ray diffraction profiles of four Bragg reflection peaks of Al, (111), (200), (220), and (311), respectively.
III. RESULTS AND DISCUSSION
TEM and HRTEM observations showed that the original Al nanoparticles are spherical with a size distribution between ϳ30 nm and ϳ200 nm, averagely ϳ80 nm. An amorphous Al 2 O 3 shell of about 5 nm thick was found on each particle [ Fig. 1(a) ], which was formed in the passivation process.
For the oxidized Al nanoparticle sample, ␥-Al 2 O 3 was found in the XRD analysis at room temperature. HRTEM observations [Figs. 1(b) and 1(c)] showed that much thicker oxide shells were formed in the oxidized sample. The Al cores in the oxidized sample remain roughly spherical without facets, but with smaller diameters relative to the original Al particles. The thickness of the oxide shells varies from particle to particle, with an average value of ϳ20 nm. Statistic measurements of a large number of particles under HRTEM indicated that the relative shell/core size ratio, t / r (where t is the shell thickness and r is the core radius), is about 0.60± 0.30. The t / r ratio was also estimated from the weight gain after oxidation and an average value of about 0.68± 0.20 was obtained for the oxidized sample. Clearly, both measurement results are consistent, which are much larger than that in the original sample ͑ϳ0.13͒.
The Al/ ␥-Al 2 O 3 interfaces are mostly curved and no sharp edged particles with strong facets were observed by HRTEM [ Fig. 1(c) ]. The curved Al/ ␥-Al 2 O 3 interface is an indication that no epitaxial relationship exists between Al and ␥-Al 2 O 3 , since an epitaxial interface would be faceted (flat) due to fixed crystallographic orientation relationship. Observations of a large number of particles indicated that the Al/ ␥-Al 2 O 3 interfaces are random without epitaxial relationship, which is confirmed by electron diffraction analysis. Therefore, possible effect of particle surface/interface on superheating can be excluded. tion line would disappear around this temperature if no melting point elevation exists. However, an evident Al (111) profile with a substantial intensity (about 40% of the intensity at room temperature) still exists at 934 K. Even at 948 K, 15 K above T 0 , the diffraction peak is clearly visible. The observation means some Al crystals in the sample can survive above T 0 , i.e., the melting point Al crystals is elevated at least by 15 K beyond T 0 . At 953 K, the (111) peak starts to disappear. Figure 3 shows variations of integrated intensities of Al (111), (200), (220), and (311) diffraction peaks with temperature for the original and the oxidized Al nanoparticle samples. For the original sample, the integrated intensities of these diffraction peaks reduce gradually with an increase of temperature due to thermal scatterings. When temperature approaches T 0 , those intensities begin to decline rapidly at about 10 K below T 0 and tend to zero at T 0 . It suggests a pre-melting process occurred at about 10 K below T 0 , which can be understood in terms of the small particle sizes and insufficient constraint of the thin amorphous Al 2 O 3 shell. For the oxidized sample, the diffraction intensities begin to decrease markedly at similar temperatures, indicating the premelting in some particles without effective constraint. However, the intensities do not drop to zero at T 0 . From the relative intensities at T 0 , one can speculate that approximately 20%-40% volume fraction of the Al particles remains in crystalline state at the equilibrium bulk melting point of Al. The intensity gradually diminishes at about 15 K beyond T 0 . With consideration of the x-ray diffraction resolution and the substantial holding time scale at elevated temperatures above T 0 , we believe that a considerable number of Al nanoparticles have elevated melting point. After cooling down the oxidized sample to room temperature, we reheated the sample again, and the melting point elevation phenomenon can be reproduced, as demonstrated in Fig. 3(c) .
To understand the origin of the observed melting point elevation in the encapsulated Al nanoparticles, we determined the pressure build-up on the Al nanoparticles according to their thermal expansion behavior around the melting point. The thermal expansion behavior can be obtained by means of in situ x-ray diffraction measurements of lattice spacing at elevated temperatures, d hkl = / 2 sin hkl . 17 Figure  4 shows the lattice spacing of Al (111) plane ͑d 111 ͒ as a function of temperature for three samples. It is obvious that the lattice spacing values in three different samples are approximately identical from room temperature to 800 K. The thermal expansion coefficients of the samples derived from the temperature dependence of the lattice spacing are consistent with the literature data in this temperature range. 18 When temperature approaches T 0 , no difference can be identified in the lattice spacing values between the original sample and the bulk Al. However, a pronounced difference appears in the oxidized sample, as shown in Fig. 4 . The lattice spacing values are smaller than those in the original sample when temperature exceeds 880 K, and the slope of the temperature dependence of d 111 is much smaller than those in other two samples. It means the thermal expansion coefficient of Al lattice is decreased in the oxidized sample around the equilibrium melting point. Measurements on other crystallographic planes showed the same behavior.
The reduced thermal expansion coefficient of Al lattice in the oxidized sample is an indication of pressure build-up on the nm-sized Al core. Based on a simple elastic consideration, the pressure build-up on the Al core at T 0 in the oxidized sample can be estimated by shell model, in the case of an Al core encapsulated by the Al/ ␥-Al 2 O 3 shell, the overpressure on the Al core can be calculated by 19, 20 
where is the shear modulus of the shell, K is the bulk modulus of the core, is the Poission's ratio for the shell, ␦ is the misfit parameter, which is defined as ⌬T⌬␣, where ⌬T is the temperature difference, and ⌬␣ is the TEC difference between Al and Al 2 O 3 , and
is a geometrical factor. The pressure can be calculated as a function of relative shell/core ratio ͑t / r͒. Based on the measured average t / r values in the oxidized sample ͑ϳ0.60͒, a pressure of about 0.33 GPa is obtained from equation (1). This value agrees reasonably with our measured result 0.25± 0.03 GPa from the lattice spacing measurements. In the above calculation, the excess volume of the interface was not taken into account. This may account for the slight difference between the measured and the calculated pressures. The pressure effect on the melting point can be analyzed by using Clausius-Clapeyron equation 21 dP / dT = ⌬VL / T (where P is the pressure, T is the absolute temperature, L is the latent heat of fusion and ⌬V is the relative volume change of Al). Taking the measured pressure on the Al core, one may get a melting temperature elevation for the oxidized sample of 13± 2 K, which is coincident with the experimentally observed one.
The melting temperature of Al nanoparticles is also related to their sizes, i.e., the Gibbs-Thompson effect or the capillary effect due to small sizes. 22 For a sample of nanoparticles with a certain size distribution, melting should take place in a temperature range due to the size effect. We measured by in situ XRD the temperature at which melting ends, which corresponds to the highest melting temperature of the particles. For the original sample, melting ends at ϳ2 K before T 0 , so we know the size effect is minor at the highest melting temperature. Besides, the difference between the Al͑s͒ /Al 2 24) ], which will weaken the size effect. 15 Therefore, it is reasonable that the size effect is neglected when interpreting the highest melting temperature of the oxidized Al nanoparticles (the melting point elevation we observed by in situ XRD).
IV. CONCLUSION
The coincidence between the observed melting point elevation and that based on the classical thermodynamics (Clausius-Clapeyron equation) in the present sample verifies that the observed melting point elevation is dominated by the pressure effect induced by the constraint of the Al 2 O 3 shell, and the pressure effect on melting point in the nanoparticle systems still follows the rule for bulk solids. We report quantitative measurements of the pressure and melting point elevation at the same time in a system of encapsulated nanoparticles without epitaxial interfaces.
